Aim: To investigate the influence of refractive index of aqueous humour on imaging of corneal endothelium in confocal microscopy. To clarify the phenomenon of dark endothelial and bright epithelial cell membranes in confocal images of corneas. Methods: Use of a novel digital confocal laser scanning microscope, a combination of the Heidelberg retina tomograph (HRT II) and the Rostock cornea module. Exchange of aqueous humour solution from domestic pigs against glycerol/water solutions (refractive indices g = 1.33721.47). Transelectron microscopy of endothelial and epithelial cell morphology. Results: Under the terms of variable refractive indices no differences were observed for general imaging of endothelium. Bright cells were bordered by dark cell membranes in all experiments. Electron microscopy of endothelium and epithelium revealed differences in intracellular and cell membrane structure of both cell types. Conclusion: Source of specific confocal optical behaviour of endothelium does not come from interface conditions to aqueous humour, but may result from intracellular variations and ultrastructure of cell membranes.
C onfocal in vivo microscopy is becoming a useful diagnostic tool for corneal imaging. [1] [2] [3] [4] Normal corneal morphology has been described intensively by in vivo confocal microscopy. 5 The only source of image contrast in confocal microscopy arises from the interaction of the incident light beam with the specimen. This interaction is complex and may include absorption, fluorescence, refraction, reflection, phase shift, scattering, or changes in polarisation on cell structures and cell components. Contrast can be defined as the difference in signal strength between various parts of an image or between details of interest and the background. 6 A modern digital confocal laser scanning microscope, comprises the combination of Rostock cornea module with conventional Heidelberg retina tomograph (HRT II), makes in vivo imaging of the human cornea possible. Like other confocal microscopes, the Rostock cornea module uses backscattered light, where the light signal proceeds from an interaction with the specimen towards the detector.
The main variables influencing confocal optical behaviour of an object are refraction index, surface structure, and depth within tissue. The backscattered light signal strength depends of the degree of reflection which depends on the gradient of the refractive index (g) between two media. 6 The smaller the difference in g between the two media, the lower is the reflectance (the ratio of illumination intensity to reflected intensity). The refractive indices are approximately g = 1.37 for cytoplasm, g = 1.45 for lipid cell membrane, 7 and 1.336 for aqueous humour. 8 Furthermore, the reflectance depends on the surface structure of the objects in the focal plane. Highest reflectance occurs on smooth surfaces, but on a rough surface the reflectance decreases as the tilt angle of a structure within the specimen increases. In living specimens the image contrast degrades as the objective lens focuses deeper into the tissue. Small structures, with an g different from that of the surrounding medium and in the optical path, can cause pronounced degradation of image quality by scattering both the excited and the backscattered light. In corneal confocal microscopy, differences are visible between imaging of cells in the epithelium and the endothelium. All cells of the five to six cellular layers of the epithelium are visible with bright cell borders and dark homogeneous cytoplasm. In contrast, the one layer of endothelial cells at the border of the anterior chamber is pictured with dark cell borders and bright cytoplasm. 6 This study describes to what extent the refractive index, g, of aqueous humour and the overlying cell layers affects the image formation of the corneal endothelium. A simple stacking experiment of two corneas is used to describe potential influence of focal depth within tissue on backscattered light intensity. Electron microscopic investigation magnifies morphological structures of different cell types for comparison.
MATERIAL AND METHODS

Confocal microscopy
A novel digital confocal laser scanning microscope (LSM), a combination of the Heidelberg retina tomograph (HRT II) and the Rostock cornea module (Heidelberg Engineering GmbH) was used. 9 The LSM has a computer controlled hydraulic linear scanning device (Nikon hydraulic manipulator, Tokyo, Japan) and a water contact objective (Zeiss, 636/NA 0.95 W). A diode laser emits a beam of 670 nm wavelength. One enucleated eye ball of a domestic pig was fixed in front of the LSM objective. The eye was in close contact with a Plexiglas disc, which covered the LSM objective and allowed the objective to move in z-axis while the eye rested in close contact to the Plexiglas surface. A drop of carbomer gel (Visidic, Dr Mann Pharma, Berlin, Germany) served as the coupling medium. A feature of the LSM is the ability to perform hydraulic z-scans, beginning from the contact area of the Plexiglas disc/surface of the cornea to a maximum of 2000 mm depth. The actual focus depth within the cornea is displayed. The saving of images (3006300 mm corneal area) of all layers from the superficial epithelium to Abbreviations: FDTD, finite difference time domain; LSM, laser scanning microscope endothelium of the corneas is possible. A digital colour photo camera at one side can be use to assess and document the alignment of eye within laser beam.
All image contrast arises from the interaction of the incident light beam with the object. The focus depth of the LSM is 10 mm. This is the volume (voxel) which is imaged by the confocal microscope to form an image pixel. All investigations were performed in the central region of the cornea.
Investigation objects were eyeballs from the domestic pig (Sus scrofa f domestica). Domestic pigs were about 6 months old and slaughtered in the research institute for the biology of farm animals (Dummerstorf, Germany).
To clarify the extent of several variables on image formation different study designs were used. Changes of conditions at the interface endothelium/aqueous humour describe the influence of refractive index. The amount of weakening on laser beam through tissue layers overlying the focal plane describes an experiment of two corneas. Divergent from numerical measurement of intrinsic light scattering intensity as a useful objective parameter, only the clear visible scattering contrast of cytoplasm and cell membranes was used for evaluation. Additionally, electron microscopic investigation magnifies morphological structures of different cell types for comparison.
Experiment 1
To test the influence of refractive index, g, on imaging of the endothelial cells a dilution series of glycerol (Merck, Germany) and distilled water was made (table 1) . The refractive index value of each solution was measured by means of an Abbe refractometer model G (C Zeiss Jena, Germany).
Altogether, 18 eyes (three per set) were used. Eyeballs of domestic pigs were prepared for investigation as followed. The cornea was punctured peripherally with a small needle and the aqueous humour was extracted with a syringe. The anterior chamber was subsequent filled by injecting one of the glycerol/water solutions. This procedure took 2 minutes and endothelium was then imaged by the confocal microscope.
Experiment 2
To test the amount of contrast degradation of the cell layers overlying the endothelium, two eyeballs were used simultaneously. A portion of the central cornea with a diameter of about 6 mm was cut from one eyeball (specimen 1). This piece of cornea was placed on top with the endothelium side of the epithelium of specimen 2. A drop of carbomer gel (Visidic, Dr Mann Pharma, Berlin, Germany) served as coupling medium. This double cornea was then imaged by the confocal microscope.
Trans-electron microscopy Corneas of domestic pigs were prepared for trans-electron microscopic investigation. Specimens were fixed with 4% glutaraldehyde in 0.2 M Sörrensen's phosphate buffer (pH 7.4) for 2 hours and then post-fixed with 1% osmium tetroxide for 1 hour. After dehydration in acetone, the corneas were embedded in araldite. Sections were contrasted by immersion in saturated uranyl acetate solution in 50% methanol for 30 minutes and Reynolds lead citrate solution for 4 minutes. Ultrathin sections parallel to corneal surface of the epithelium and the endothelium were examined under a Zeiss EM 902A electron microscope.
RESULTS
Experiment 1
The exchange of aqueous humour against different solutions of glycerol/water revealed relatively clear imaging of the endothelium. Under refractive index values from 1.337 to 1.47, no differences in endothelium morphology were seen. In all investigations the cells were revealed with dark cell borders and bright cytoplasms (fig 1) . Additionally, dark spots in the cytoplasm at 20%, 60%, and 100% glycerol/water solution were visible, denoting the nuclei of each cell.
Experiment 2
Confocal image of the corneal endothelium of specimen 1 showed normal appearance. Dark cell borders, bright cytoplasm, and dark cell nuclei were visible. The contrast of epithelial cells of a second underlying cornea of specimen 2 was noticeably reduced. Nevertheless, the normal picture was recognisable. Superficial and wing epithelial cells showed bright cell membranes, bright nuclei, and dark cytoplasm (fig 2) .
Trans-electron microscopy
Electron microscopic investigations showed the polygonal shape of the wing cells of the corneal epithelium ( fig 3A) . The cell membranes of this layer show deep interdigitations ( fig 3B) . Numerous desmosomal junctions join these cells to each other. The cytoplasm of the wing cells contained only moderate numbers of small thin mitochondria. Vesicles of different size were a prominent finding in the cytoplasm. The oval nuclei contained dense packages of heterochromatin. The lateral cell membranes between adjacent endothelial cells appeared smooth and showed no complex interdigitations. Desmosomes were lacking (fig 4) . With respect to the anterior-posterior axis of the cornea, the lateral cell membranes of the endothelium have an oblique and tortuous course. The endothelial cell cytoplasm is rich in organelles. The numerous mitochondria are elongated and their cristae are oriented longitudinally. Both rough and smooth surfaced endoplasmic reticulum were present. The oval nuclei showed a homogeneous appearance without dense heterochromatin.
DISCUSSION
The source of contrast in backscattered confocal microscopic images of living species is based upon a variety of physical processes and species specific morphological, anatomical, and biochemical conditions. The incident light beam interacts in multiple ways with structures of the object in and above the focus plane of the objective. 6 The specific source of contrast in backscattering confocal microscopy of detailed cellular structures, such as cell membranes, organelles, or cytoplasm within a tissue layer of a living object-for instance, the cornea, is not measurable directly.
Scattering in tissue arises from local changes in the index of refraction between cell components and other small tissue structures, and the scale over which these changes occur varies from tissue to tissue. 10 The amount of scattered light depends on changes in local absorption and transmission. The light could be further affected by these different processes again, while the backscattered beam passes different tissue layers again on the way to the detector. In addition to light intensity loss by virtue of these processes, amplification could occur as a result of the forward scattering of local structures. The calculated scatter intensity of small organelles is about 5000 times higher in the forward direction of the light beam than backwards. 10 Confocal imaging of the cornea in vivo revealed obvious differences in contrast of similar cellular structures. 5 Cell membranes of the epithelium are illuminated more brightly than equivalent endothelial membranes. Conditions of the cytoplasm are reversed. The refractive index differs for various cellular structures and averages-for extracellular fluid g = 1.35-1.36, for cytoplasm g = 1.36-1.375, for nuclei g = 1.38-1.41, for mitochondria and organelles g = 1.38-1.41, for dried protein g = 1.58, for cell membrane g = 1.47, and for lipid g = 1.48. [11] [12] [13] [14] [15] [16] Endothelial cells border the anterior chamber with a conspicuously lower refractive index of aqueous humour of g = 1.336, 8 whereas epithelial cells lie embedded in layers of similar refractive conditions at g.1.35. Our study showed that variation of the refractive index from 1.337-1.47 of the anterior chamber produced no differences in image contrast of endothelial cell structures. The endothelium showed for all cases dark cell borders and bright cytoplasm. Hence, the location of the endothelial layer at the interface to aqueous humour was not the source of varying optical behaviour of epithelial and endothelial cells because of higher refraction index differences.
These differences are also not explainable by loss of intensity, as the effect of overlying structures, if the light goes back from the endothelium, through about 500-600 mm broad cellular structures to the detector. The imaging of a second epithelial cell layer underlying the first corneal endothelium revealed in fact lower image quality as a result of experimental arrangement and procedure, but bright contrasted cell membranes and bright nuclei were visible during our experiment.
There are some morphological differences between endothelial and epithelial cells found by our trans-electron microscopic investigations. The cell membranes of epithelium contained many desmosomes and showed deep interdigitations. In contrast, desmosomes were lacking in endothelium, and cell membranes were smooth. Cell membranes consist of lipids. The membrane interdigitations lead to an abiding appearance of media interfaces with refractive index for lipid of g = 1.48 and for cytoplasm of g = 1.48. Reflection occurs at each interfacing media. For the protein rich desmosomes a value of g.1.5 could be assumed, given that dried protein has a refractive index of g = 1.58. 15 Therefore, the high concentration of desmosomes could be the source for cell membrane brightness in epithelial images.
Our ultrastructural investigations revealed large numbers of mitochondria in endothelial cells, whereas the number of organelles in epithelial cells was much lower. The effects of various organelles and size of nucleus on the far field scattering patterns of cells were examined with a mathematical model, the finite difference time domain (FDTD) method. 10 The scattering patterns were computed for cells containing different organelles to determine the effect of each cell component on the total amount of scatter. Scattering functions of two cells with diameters of 11 mm were calculated. In the first case the cell contained only a nucleus, membrane, and cytoplasm, in the second case small organelles have been added to the cell. The scattering from a cell was highly peaked in the forward direction. 10 Small Figure 1 Confocal images of endothelium of domestic pig eyes. The anterior chamber was filled with glycerol/water solution of (A) 5% (gD = 1.337), (B) 20% (gD = 1.355), (C) 60% (gD = 1.411), and (D) 100% (gD = 1.47). Magnification 6240.
organelles can have a large effect on the scattering pattern. The total amount of scattered light was 1.7 times greater for the cell with small organelles than for the same cell without the organelles. 10 This predicts that the small organelles can contribute significantly to the total scattering. Cells containing large nuclei (diameter 6 mm) cause increasing amounts of scattering relative to cells with smaller nuclei (diameter 3 mm). In the absence of a nucleus, the amplitude of the scattering pattern decreased further. 10 Our investigations were performed on pig eyes ex vivo. In contrast, this confocal system is applicable to in vivo diagnosis of the human cornea. The experimental use of human eyes is not practicable in vivo and has ethical practical difficulties ex vivo. Therefore, domestic pig eyes, with comparable corneal morphology, are a good study object. However, tissues of ex vivo objects undergo several processes such as cell hydration, and this may change their optical behaviour. The extent of this problem is hard to ascertain. Our confocal observations of pig eyes ex vivo in sequences over a 24 hour period revealed corneal thickening on account of stromal hydration, but the optical behaviour of cells remained similar.
By means of in vivo confocal microscopy, many corneal diseases have been described, as changes in the physiological structure of the tissue produce changes in the contrast of obtained images. 5 However, the ability to differentiate between normal and abnormal tissue depends on the ability to interpret the source of reflected light within the sample. Our study contributes to the clinical application of the Rostock cornea module and to confocal laser microscopy in general. Observed variations of optical behaviour of corneal endothelium are a result of cell physiology, cell structure, and cell ingredients in the first place. Comparative studies including confocal microscopy and conventional microscopic histology are necessary for further understanding the sources of image contrast. 
